Abstract-This work presents a detailed comparison among three implementations of the Doubly-Fed Induction Generator (DFIG) machine model. The alpha-beta-gamma, synchronous (dqo), and natural frame dynamic machine models were deployed on a Field-Programmable Gate Array (FPGA) and compared in terms of execution time and resource utilization. These machine models were also validated against a physical DFIG machine during balanced and unbalanced grid conditions. A benchmark is presented with the objective of selecting the machine model, orientation and state-space representation that is best suited for real-time simulations. The selected machine model is used to develop a real-time emulator of a Type-3 wind system. This emulator enables the study of wind turbine system in realtime using a validated platform while allowing controller testing without relying on expensive third-party solutions.
I. INTRODUCTION
In the study of complex systems like the wind turbine systems, testing and verifying control algorithms on the real system is unlikely due to cost and safety concerns. Real-time simulators are a complementary tool to offline simulators that can simulate complex systems in real-time or faster. Real-time simulators are a valuable intermediary step for validating the controller design before implementing it in the physical device [1] .
The modeling and real-time simulation of various electrical power components have been widely addressed [1] - [7] . Notably, the authors in [7] present a simulation of the average model of a DFIG wind turbine on FPGA boards, while in [4] , a DFIG system is implemented in a Digital Signal Processor (DSP) cluster. However, these research papers typically omit the validation of the models against the physical setup, which is fundamental to ensure a realistic representation of the system. The novelty of this work is that it provides a comprehensive comparison among three different dynamic machine models: alpha-beta-gamma oriented with stator and rotor, synchronous (dqo), and natural frame. These models are compared in terms of resource utilization and validated against a physical setup with the goal of selecting the machine model that is better suited for real-time simulations. The models are implemented in a NI CompactRIO 9039 Field Programmable gate array (FPGA) board shown in Figure 2 .
The last section of this papers shows the implementation of the selected machine model in a real-time simulator that incorporates all the components required to emulate a Type-3 turbine, including the power electronics, control, and the electromechanical and aerodynamical models. This platform could be used by researchers, wind turbine manufacturers and utility companies to perform tests in a validated platform to verify in real-time proposed control designs of Doubly Fed Induction Generator (DFIG)-based wind turbine systems. II. REFERENCE FRAME THEORY Modeling the DFIG dynamically is fundamental for understanding how steady state is achieved when the machine is in a different state. The dynamic machine model describes the behavior of the electric variables in steady state as well their evolution during transition periods [11] [12] .
Since the electrical machine model is computationally intensive, a change of variables is typically applied in the analysis of induction machines to reduce the complexity of the differential equations. The literature review shows that four different reference frames are used to express different magnitudes of the DFIG [11] [12] :
 Stator Reference Frame, where the rotating speed of the frame is zero and the space vector reference rotates at a synchronous speed, see Figure 4 .  Rotor reference frame, where the rotating speed of the frame is the speed of the rotor and the space vector referenced to it rotates at the slip speed, see Figure 5 .  Synchronous reference frame, where the rotating speed of the frame is the synchronous speed and the space vector referenced to it does not rotate, see Figure 6 .  Natural frame, where no reference frame transformation is used [11] - [12] , see Figure 7 . For simulation purposes, either the fluxes or currents can be used as state-space magnitudes, as presented in Figure 3 . The simulation of the DFIG model requires inputs, such as the abc stator voltages, rotor duty cycles and DC-link voltage, the machine parameters, including the stator and rotor inductances (Lm, Ls), the rotor and stator resistances (rr, rs), and mechanic and the electric angles ( , A summary of the required resources for each of the models is presented in Table 1 . From this table, we conclude that the natural frame model requires significantly more mathematical operations and more trigonometrical functions than the other models, which makes the natural frame model computationally intensive. The synchronous model requires and four reference frame transformations, which makes it intensive in the use of trigonometrical functions. The rotor oriented and stator-oriented models implemented in alpha beta are better suited for real-time simulations because they only need two reference frame transformations and use fewer mathematical operations when compared with the other models. Figure 8 shows the FPGA logic resources for the different models. The models were compiled using the "default" setting. The models were compiled multiple times and the averaged values are shown in the figure. The loop time for each of the models is shown in Figure 9 . As shown in these figures, the DFIG dynamic model oriented with the rotor and using the fluxes as state-space magnitudes requires one-third the FPGA logic resources, and it is executed three times faster than the natural frame model.
III. COMPARISON AMONG MODELS VS PHYSICAL MACHINE
To validate the implementation of the models, the following figures compare the discrete-time machine models coded on the FPGA against the physical setup. The passive parameters Lm, Ls, are estimated using the rotor locked test presented in [1] . During this analysis, the emulated currents are compared against physical measurements during grid connection, grid disconnection, and balanced and unbalanced grid conditions. These results were obtained with the rotor terminals shorted.
The experimental validation of the machine models during grid connection and grid disconnection is shown in Figure 10 . Figures 11-14 show the model validation during balanced and unbalanced grid conditions. The error analysis, summarized in Table 2 , reveals that all the machine models in consideration provide a good representation of the physical machine in both balanced and unbalanced grid conditions. 
IV. TYPE 3 TURBINE EMULATION
From the previous sections, it was concluded that the DFIG dynamic model oriented with the rotor and using the fluxes as state-space magnitude is more efficient in terms of FPGA resources, and its execution time is shorter in comparison to the other machine models. This section uses this model to develop a real-time emulation of a complete Type-3 wind turbine that incorporates the models for the machine model, the power electronic (back-to-back), grid side and rotor side controllers, pitch angle controller, and aerodynamical models.
The following simulations show the variable speed capabilities of the real-time emulated Type-3 wind system. Figure 15 (a) plots the Cp coefficient when the wind speed changes from 9 m/s to 12 m/s. The solid black line marks the trajectory the wind turbine follows during the wind speed change. Figure 16 shows a long simulation (40s) where it can be observed that the DFIG operates at its MPP (Cp=0.42) most of the time, except during startup and when the pitch control is activated. The developed Type-3 wind emulator is executed approximately 90 times faster than the same code executed in the PC-layer and can be used to study the low dynamics normally present in wind energy systems in real-time. 
CONCLUSIONS
This paper presented a detailed comparison among three dynamic Doubly-Fed Induction Generator machine models (the alpha-beta-gamma, synchronous (dqo), and natural frame machine). The models were validated against a physical DFIG and compared in terms of execution time, resource utilization. Using the fluxes as state-variable magnitudes, the rotororiented model showed better performance in terms of execution and use of FPGA logic resources. This machine model was tested on a real-time DFIG system simulator executed in the C-RIO 9039 which ran approximately 90 times faster than the same code executed in the PC-layer.
